This review aims to present an overview of recent clinical trials targeting biomarkers in advanced prostate cancer. We searched ClinicalTrials.gov for early phase clinical trials on treatments of prostate cancer that have been recently completed, are ongoing or are actively recruiting participants. Drug targets and their mechanism of actions were assessed and summarized. Trials were categorized according to prostate cancer biomarkers that have potential as therapeutic targets. A total of 19 new therapeutic agents for the treatment of prostate cancer are included in this review. Trials are summarized according to the targeted biomarkers and are categorized into five therapeutic approaches: prostate cancer vaccine, epigenetic therapy, pro-apoptotic agents, prostate cancer antibodies and anti-angiogenesis approach. Some of the therapeutic agents reviewed showed promising results, warranting further investigation in late phase clinical trials. Recent novel prostate cancer biomarkers that made it through clinical trials and their relevance as drug targets are summarized. This review emphasizes the importance of specific prostate cancer biomarkers and their potentials as targets of the disease. Some clinical trials of targeted treatments in prostate cancer show promising results. Better understanding of disease mechanisms should potentially lead to more specific treatments for individual patients.
Introduction

Prostate cancer and PSA screening
Prostate cancer is among the most commonly diagnosed male disease and remains a leading cause of death in most Western countries, especially in elderly men [1] [2] [3] . More than half of all men diagnosed with cancer are over the age of 70 years, with prostate cancer constituting about 50% of cancers in this age group [4] .
Rapid increases in incidence rates for prostate cancer in the past two decades have occurred in part due to the widespread use of screening since the 1980s, by serum prostate-specific antigen (PSA), a glycoprotein produced by the prostate gland [5] [6] [7] [8] . Whether PSA screening and earlier detection of prostate cancer has an impact on the decline of mortality is still debated [9] [10] [11] [12] . Recently, large scale studies from the US [13] and Europe [14] looking at correlation between PSA screening and prostate cancer mortality have been published. In the US, they found no significant decline in mortality rate between patients receiving annual PSA screening and digital rectal examination (DRE) and those receiving usual care which may sometimes include screening [13] . However a study from European countries found a weak association between increased PSA screening and mortality rate [14] . There is, nonetheless, an urgent need for better biomarkers to replace or work in conjunction with PSA screening, due to the high prevalence of false positive and false negative rates seen with PSA alone [8] .
Biomarkers leading to new therapeutic approaches
The knowledge of biomarkers in cancer offers new hope for more specific therapies and provides important understanding of the factors influencing the aggressiveness of prostate cancer and potential new treatments [15] . Molecular genetic approaches examining tumour gene expression profiling using microarrays have been introduced in recent years and analysis using a small panel of genes of interest has the potential for use in clinical practice to allow better diagnosis and classification of the disease, provide information on how each individual patient may respond to treatments and lead to reduced toxicity and identification of new therapeutics [16, 17] . We will review a number of biomarkers in prostate cancer which have involved development of targeted therapies in animal and human trials. Figure 1 schematically summarizes the function of these various biomarkers. Table 1 summarizes these targets and ongoing clinical trials which will be discussed in the following section. Although, as mentioned above, PSA measurement has limitations in prostate cancer management, most studies we reviewed utilized PSA responses as an efficacy endpoint. Some studies also used the RECIST system (to evaluate response rates of tumour lesions) [18] .
Current clinical trials in prostate cancer biomarker targeting
Prostate cancer vaccines Cancer vaccines stimulate systemic anti-tumour immune responses which may provide reduced toxicities compared with traditional chemotherapy. Patients who develop an androgen-independent prostate cancer after radiation therapy or hormone ablation therapy and those who have metastatic disease at the time of diagnosis are much less likely to be cured.Therefore it is crucial to identify markers early in the disease process that might be able to distinguish between indolent and aggressive cancers [19] [20] [21] [22] . The presence of markers that are prostate-specific and prostate cancer-specific [23] such as PSA,prostate specific membrane antigen (PSMA) (PSCA), and early prostate cancer antigen (EPCA) makes them potential candidates for cancer vaccines.
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Measurements of acetylated histones were carried out for all trials via either Western blotting, immunohistochemistry or enzyme immunoassay (ELISA). Other effects of the drugs i.e. pro-apoptitic activities were measured via concurrent monitoring of apoptotic markers in the blood.
Clinical trials of PXD101 and SAHA showed good tolerance, with a maximum tolerated dose determined to be 1000 mg m -2 day -1 and 400 mg day -1 , respectively, and both trials showed dose-dependent histone hyperacetylation [66] [67] [68] . These trials in patients with advanced solid tumours (and haematological malignancies for SAHA trials) showed some anti-tumour activity (i.e. tumour regression, stable disease and tumour related pain) but this was not evident in patients with advanced prostate cancer. Trials of panobinostat showed impressive antitumour effects with more than 50% of patients receiving panobinostat in combination with docetaxel or docetaxel/ prednisone having Ն50% decline in PSA concentrations, in contrast to those receiving panobinostat alone, where almost all patients had progressive disease despite doserelated increase histone acetylation [69, 71] . While these trials obtained valuable information on drug safety and dose-limiting toxicities, correlation between levels of acetylated histones and disease progression could not be established. This may suggest the existence of a subpopulation of prostate cancer cells that do not respond to particular HDAC inhibition and therefore implicates narrowing of a selective group of responsive patients within chemo-naive patients.
The exact mechanism by which HDAC inhibitors induces tumour differentiation, cell cycle arrest and enhancing tumour cell sensitivity to chemotherapy is yet to be elucidated. Therefore each HDAC inhibitor may have different effects on prostate cancer [72] . Some of the trials mentioned above resulted in withdrawal of patients from the studies due to ongoing toxicities i.e. gastrointestinal toxic effects including nausea, diarrhoea and vomiting. These early trials suggest that the use of HDAC inhibitors in combination with other therapies may minimize drugrelated toxicities. Careful selection of patients to enter the trials and drugs to be used for advanced prostate cancer in the clinical trials may therefore give more information regarding risk-benefit assessment of these compounds. . However, another trial treating patients with oblimersen-docetaxel combination showed increased toxicities (40% had major toxic events compared with 22% in the docetaxel group) and did not incur better outcomes than docetaxel treatment alone [80] . A more recent study using microarray to evaluate the effects of G3139 and the effects of Bcl-2 silencing via small interfering RNA (siRNA) on gene profiling of PC-3 cell lines has found that the apoptotic effect of G3139 was a result of an off-target response, via up-regulation of growth-inhibitory proteins, rather than of Bcl-2 silencing alone (both treatments showed similar Bcl-2 knock down) [77] .This is important as treatment with Bcl-2 siRNA alone in metastatic prostate cancer cell lines did not induce apoptosis as seen with cells treated with G3139 [77] . Furthermore, although there were some antitumour responses as a result of targeting Bcl-2, several issues still need to be addressed. Marked variation in patients' responses to different concentrations of oblimersen was a major factor in defining effective doses for maximal response. Thus assessment of specific mechanisms by which oblimersen induces apoptosis will need to be evaluated to fully understand and predict patients' responses and clinical adverse effects.
Pro-apoptotic agents
Another drug that is in clinical trials targeting Bcl-2 is the small molecule inhibitor AT-101 [81] [82] [83] . In contrast to G3139, AT-101 targets the Bcl-2 homologous (BH) region 3 of Bcl-2 and when given alone, there was satisfactory tolerance in most castrate-resistance prostate cancer patients, with some gastrointestinal toxicities leading to reduction in dosage [ [90, 91] .
Prostate cancer antibodies Immunoconjugates consisting of a humanized monoclonal Ab which is directed against prostate-specific membrane antigen (PSMA) have been investigated in prostate cancer [92] . One of the current drugs in clinical trials is MLN2704. MLN2704 is an immunoconjugate consisting of humanized monoclonal Ab directed against PSMA (named MLN591 Ab) which was linked to a maytansinoid (DM1). DM1, a potent microtubule-depolymerizing drug, is an analogue of maytansine, a naturally occurring ansa macrolide [93] . The monoclonal antibody moiety of MLN2704 binds to tumour cells expressing PSMA and is then internalized into the tumour cell, where the DM1 maytansinoid moiety binds to tubulin and inhibits tubulin polymerization and microtubule assembly, resulting in a disruption of microtubule activity, cell division and cell death. Pre-clinical data showed MLN2704 efficiency in anti-tumour activity in a mouse xenograft model, in a dose-and scheduledependent manner [93] . Early phase I/II trials using MLN2704 showed acceptable safety (no antibody responses to either MLN2704, MLN591 or DM1) with minor grade toxicities such as fatigue and headache with only 1/23 patients reaching dose-limiting toxicity of uncomplicated febrile neutropenia, but neuropathy was observed in 35% of patients [94] . The efficacy of MLN2704 was measured by PSA concentrations and tumour regression. Two patients sustained Ն50% decline in PSA concentrations compared with baseline and six other patients treated at doses Ն156 mg m -2 sustained stable PSA concentrations for up to 86 days. Of 10 assessable patients, four had stable disease up to a dose of 343 mg m -2 and one patient receiving 264 mg m -2 had a partial response. This trial provided useful information regarding the dosage and immunogenic responses to the drug. Further trials are ongoing using MLN2704 alone in progressive metastatic prostate cancer patients [95] [96] [97] .
Radiolabelled monoclonal Ab HuJ591-GS (177Lu-J591) derived from J591, an immunoglobulin G (IgG) monoclonal Ab targeting the extracellular domain of PSMA (tagged with radionuclide lutetium-177) is currently under phase I/II clinical trials [98, 99] . However some results from earlier phase I trials determined dose-limiting toxicity (including grade 4 neutropenia, severe thrombocytopenia, and other severe non-haematologic toxicities), In another trial, some patients had more than 70-80% decline in PSA concentrations which lasted up to 3-8 months and there was a strong correlation between PSA concentrations and measurable disease responses [100, 101] . Both trials did not show anti-immunogenic responses to the drugs.
These trials warrant the potential further use of PSMA as a biomarker for targeted treatments in prostate cancer, suggesting efficacy together with safety and lack of immunogenic responses to the PSMA antibodies, foreshadowing the need for further clinical assessment.
Anti-angiogenesis
approaches Vascular endothelial growth factor (VEGF) is currently being targeted as a treatment for cancer together with traditional cancer treatments. Expression levels of VEGF, an angiogenic stimulator, are elevated in prostate cancer and PIN and found to be down-regulated by androgen deprivation, resulting in changes in patterns of vascularization [102] . In addition, Ferrer et al. [103] found that there was no or diminished VEGF and IL-8 expression in BPH and normal prostate tissue, whilst expression was also reduced in higher grades of prostate cancer. Overexpression of angiogenic factors in malignant tissues, particularly VEGF is proposed to be mediated largely by hypoxia-inducible factor-1 alpha (HIF-1 a) , a transcription factor [104] . As a response to oxygen deprivation (hypoxia), HIF-1 heterodimer complex is formed and consists of HIF-1a and HIF-1b transcription factors which in turn regulate activation of angiogenesis to help restore oxygen homeostasis [105] . HIF-1a is found to be overexpressed in prostate cancer specimens compared with BPH, but this overexpression is not associated with progression of the disease [106, 107] . HIF-1a expression is not seen in normal prostate tissues [107, 108] . Targeting of hypoxia-induced angiogenesis with HDAC inhibitors that inhibit HIF-1a activity and hence reduce expression of VEGF (and basic fibroblast growth factor [bFGF]) are currently being investigated in prostate cancer [105] . Other drugs targeting VEGF in phase I and II clinical trials are bevacizumab, a humanized anti-VEGF antibody, which has been approved for treatments of other cancers such as metastatic breast cancer, non-small-cell lung cancer, glioblastoma, renal cell carcinoma and colorectal cancers [58, 109, 110] . Bevacizumab in combination with docetaxel is well tolerated and approximately 50% of patients had decreased concentrations of PSA in a phase II clinical trial for metastatic hormone refractory prostate cancer [111, 112] .
Platelet derived growth factor receptor (PDGFR) and platelet derived growth factor (PDGF) PDGFR and PDGF are frequently expressed in primary and metastatic prostate cancer [113, 114] and PDGF A and its receptor PDGFR alpha are expressed in PIN, a likely precursor of prostate cancer [115] .This suggests that inhibition of PDGFR may be of therapeutic benefit to advanced prostate cancer patients. Imatinib mesylate is a potent inhibitor of PDGFR and has been approved by the FDA for the treatment of chronic myelogenous leukaemia and metastatic gastrointestinal stromal cancers [116] . Treatment with imatinib in an experimental prostate cancer mouse model was better than paclitaxel alone in reducing bone metastases but the anti-tumour effect was strongest with the combination of both [117] . However, several phase II trials evaluating imatinib mesylate alone did not show decline in PSA concentrations and, with one study, severe side effects (grade 3 and 4 haematological toxicities, neutropenia and lymphopenia, or recurrent grade 1 and 2 nonhaematological toxicities) had lead to early closure [118] [119] [120] , although there are several trials that are underway [121] [122] [123] . Another drug that inhibits both PDGFR and VEGFR is sunitinib malate, a multiple receptor tyrosine kinase inhibitor [124] , which is currently an approved treatment for stomach cancer and gastrointestinal stromal cancer [125] . A phase II trial with only sunitinib given to two groups of patients (docetaxel-resistant prostate cancer patients and patients with no prior treatment) showed no significant decline in PSA levels in the majority of patients but serum angiogenesis biomarkers i.e. VEGFR and PDGFaa, a member of PDGF family, confirmed effects of sunitinib malate upon angiogenesis factors [124] . Even though this trial did not reach the expected PSA responses (confirmed Ն50% decline in PSA concentrations from baseline), an interesting point from this trial was that sunitinib affected PSA changes in both group of patients similarly (only one patient per group had a major PSA response and there were similar numbers of patients with stable PSA for up to 12 weeks post-treatment). Another trial targeting metastatic castration-resistant prostate cancer patients with prior docetaxel treatment demonstrated declines in PSA in 30% of the patients, but half of the participants discontinued the drug due to severe grade 3-4 toxicities of fatigue, anorexia, nausea and leukopenia and there were two deaths deemed to be related to the study [126] . Actively recruiting phase II clinical trials are ongoing for sunitinib malate with either combination with taxotere (docetaxel/prednisone) [127] , hormone ablation therapy [128] or radiation therapy [129] .
mTOR (mammalian target of rapamycin) mTOR is a protein kinase that regulates cell growth, cell proliferation, cell motility, cell survival and protein synthesis and mTOR pathway proteins are overexpressed in primary prostate cancer compared with high-grade PIN and BPH tissues [130] , expression being correlated with aggressiveness of the disease [131] . The loss of phosphatase and tensin homolog (PTEN) tumour suppressor gene indicating progression towards the malignant form leads to activation of the phosphatidylinositol 3-kinase (PI3K)/Akt (protein kinase B family)/mTOR signalling pathway [132] . PTEN is correlated with increased in mTOR signalling pathway markers [131] and oncogenic Akt activation in prostate cancer [133] . In addition, PTEN expression is often lost where Bcl-2 is often overexpressed as the disease progresses [134, 135] . One study demonstrated that resistance to apoptosis via an mTOR pathway inhibitor can be a response mediated by HIF-1a regulation and Bcl-2 up-regulation, suggesting a combination of a mTOR inhibitor and Bcl-2 inhibitor to prevent mTOR inhibitor resistance may be useful [136] . Pre-clinical data suggest a combination of mTOR inhibitor and chemotherapy may inhibit growth of prostate cancer and prolong survival in a xenograft model [137] . Also, a combination of a mTOR inhibitor and anti-androgen therapy may benefit some patients as there is evidence that androgen receptor stimulation promotes mTOR activation but only at a concentration of up to~1 nmol l -1 [138] and androgen deprivation has no effect on mTOR activation in PTEN-deficient mice [139] . In vivo experiments using an androgenindependent metastatic cell line in a xenograft mouse model suggested that inhibition of growth via mTOR inhibitor was a result of re-population of PTEN-deficient cancer cells [137] . Pre-clinical data of RAD001 (everolimus) treatment in mice implanted with androgen-independent cell lines with mutated PTEN resulted in reduction of bone metastases and serum PSA concentrations and the result was enhanced with a combination of RAD001, docetaxel and zoledronic acid [140] . A pilot study using rapamycin (sirolimus) in 13 hormone-refractory prostate cancer patients resulted in some patients (1/13) with a 50% PSA decline and stable disease (4/13), with mean survival time after treatments being nearly 24 months [141] . mTOR inhibitors, everolimus and temsirolimus are now in phase II clinical trials in patients with castration-resistant metastatic prostate cancer [111, [142] [143] [144] [145] .
Discussion
Treatment for hormone-refractory prostate cancer includes docetaxel-based chemotherapy regimens. However there are very limited choices of treatment if there is an inadequate response to this approach. The majority of clinical trials reviewed focused on hormone-refractory prostate cancer patients. However more clinical trials recruiting patients prior to any treatment may also be valuable in studying initial responses of cancer cells to each drug.
The present review focuses on new agents administered in conjunction with traditional systemic therapies. A number of novel drugs, mentioned in this review, offer more specific treatments targeting either prostate cancer cell surface proteins (CV9103, MLN2704 and 177Lu-J591) or introducing irradiated tumour cells (GVAX and IL-2/IFNg tumour vaccine) which may lead to activation of the host immune system. The obvious benefits of targeted therapeutics would be the potential for minimization of adverse effects and hence better quality of life for patients. Although cancer treatment vaccines may be beneficial for prostate cancer patients, cancer preventive vaccines are yet to be developed.
Anti-angiogenic treatments are one of the most pursued areas in cancer treatments, regulatory approval occurring with bevacizumab (breast cancer, glioblastoma, renal cell carcinoma and colorectal cancer), imatinib mesylate (chronic myelogenous leukaemia and metastatic gastrointestinal stromal cancer) and sunitinib mesylate (stomach cancer and gastrointestinal stromal cancer). In prostate cancer, a trial of bevacizumab as second-line treatment to docetaxel although showing good PSA responses with overall PSA concentrations declining by up to 65% (7/20 patients had major PSA response, which included four patients who were prior non-responders to docetaxel), a contribution by bevacizumab could not be confirmed due to the non-randomized nature of this trial [146] .The results of randomized control trials with patients receiving either docetaxel-based treatment or hormone therapy with and without bevacizumab are not yet fully available or the trials are ongoing [147, 148] . Trials of imatinib mesylate did not yield good responses in prostate cancer and a trial was terminated due to severe toxicities after single-drug treatments [118] . Despite these trial results, there are a number of ongoing clinical trials combining imatinib mesylate and docetaxel-based therapies [121] [122] [123] . VEGF may correlate with the development of prostate cancer but HIF-1a, a main regulator of VEGF, does not. Also androgen deprivation may also diminish VEGF expression and thus it would be irrelevant to target VEGF in hormone-refractory prostate cancer patients. Similarly, PDGFR and PDGF are expressed in PIN, primary and metastatic prostate cancer but do not correlate with the prognosis of the disease. In the case of biomarkers which may associate with the development of disease (VEGF, VEGFR), targeting these biomarkers prior to subjecting prostate cancer to any treatment (which several early phase trials are currently undertaking) or prior to evident metastatic disease may be more pertinent as a preventive approach [128, [148] [149] [150] [151] .
Targeting mTOR does appear to be a more promising approach as there is consistent in vitro evidence of expression of mTOR pathway proteins leading to activation of mTOR signalling, which correlates with the aggressiveness of prostate cancer. Pre-clinical data and a pilot study were also encouraging where treatments of single agent mTOR inhibitors initiated anti-tumour responses. Several trials of temrolimus and everolimus are now ongoing and are being tested in a neoadjuvant setting prior to prostatectomy or hormone therapy [143, 152, 153] . These drugs are also used in combination with bevacizumab in patients with advanced cancer, which may allow targeting of different sub-populations of cancer cells in castrate-resistance patients with metastases.
New generations of drugs targeting prostate cancer biomarkers are novel approaches aiming at different populations of prostate cancer cells that may be resistant or become resistant to traditional therapies. The majority of clinical trials concentrated on finding new agents for treatment of advanced disease in which treatments are currently limited to taxane-based chemotherapy. However, some agents can be applied as preventive treatments and are now being tested in a neoadjuvant setting. From this review, we can appreciate how finding potential biomarkers and understanding their role in cancer developmental processes can lead to promising new treatment targets for prostate cancer.
Conclusions
In prostate cancer, the main treatments are radical prostatectomy, radiotherapy and systemic therapies (hormonedeprivation therapy and chemotherapy). Prostate cancer is known to be a chronic disease and better detection allowing long-term management will improve quality of life of patients. With increasing awareness of the existence of different phenotypes of prostate cancer cell populations, personalized therapy is going to be the future of cancer treatment. By taking advantage of our increasing knowledge of prostate cancer initiation, progression and biomarkers associated with progression of disease, optimal regimens of novel therapeutic agents are now being tested in early clinical trials and will hopefully pave the way toward more targeted and individualized therapy for prostate cancer.
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